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VISUALIZATION OF UNSTEADY FLOW OVER OSCILLATING AIRFOILS
G. H. Ruiter, H. M. Nagib, A. A. Fejer
Department of Mechanics and Mechanical and Aerospace Engineering
Illinois Institute of Technology
Chicago, Illinois
60616

ABSTRACT

The classical airfoil theory for nonuniform flow by von Karman and
3
Sears

This study is concerned primarily with the complex nature of leading
edge flow separation occurring on airfoils oscillating in a uniform flow
field at low Reynolds numbers.

The flow field past an oscillating airfoil

provides the tools for the prediction of airfoil characteristics

at small angles of attack in oscillating flows.

An extension of their

approach to flow conditions involving stall has been provided in the quasi4 5
steady theory of Ericson,et al., ’ in which static experimental data are

and a fixed airfoil with an oscillating flap were investigated using various
used and time history effects are lumped into one discrete past-time event.
visualization techniques in water.

The role of mean flow velocity, instan

taneous angle of attack, mean angle of attack and amplitude and frequency
of oscillation as well as the location of the support point are examined.
The results which were obtained over a range of parameters substantially
beyond previous studies include new information regarding the effect of
these parameters on the nature and onset of separation.
leading edge separation have been observed.

Two basic forms of

At low values of reduced fre-

*
quency ( u) > 0.5) the separation resembles leading edge separation on

*
At higher values, beyond mcr> a strong vortex (roller) is formed

at the leading edge with the flow reattaching downstream from it.

stall process is represented by the shedding of vorticity from the vicinity
of the airfoil leading edge.

Relevant experimental investigations are found

in full scale and model studies of flow over blades of helicopter rotors by
McCroskey.et al.,2,6 Ham,et al.^ and H i v a . 1^

The experiments on the stall

of compressor rotor blades by Carta11 are also of interest.

Flow visualiza

tion studies similar to those reported here are reported by Werle,et al.12;
their findings are referred to in the discussion of results of the present

stationary airfoils with the separated flow remaining detached from the upper
surface.

A different approach to the problem is taken by Ham6 in which the dynamic

study.

Finally attention should be called to the excellent survey of the

present state of the art by Ericson,et al.

13 14
’

In addition

to these two flow regimes, a third regime made its appearance at extremely
high values of frequency and amplitude where the flow around the airfoil has
collapsed.

The frequency of oscillation is found to govern the angle, a ,
cr
*

at which leading edge separation occurs at low reduced frequencies (m

< 0.2);

2
2
at higher frequencies acr occurs at the portion of the cycle where d a/dt
is near its maximum.

INTRODUCTION

The problem of unsteady flow past airfoils has many applications
in the areas of helicopter rotor blades and rotating machinery.

The under

standing of some of the phenomena associated with such flows has received
considerable attention from both the theoreticians and experimentalists.
One of the most important topics in this area is probably the effect of un
steady flow on the separation and stall characteristics of airfoils.

These

phenomena bring about drastic changes in the flow around the airfoils and
cause large changes in their performance.

Even under steady state conditions
Figure 1.

Water Tunnel and Instrumentation.

airfoil separation and stall are complex phenomena that involve local pres
sure gradients, curved stream lines, local changes in boundary layer char
EXPERIMENTAL TECHNIQUES
acteristics, transition from laminar to turbulent flow in the boundary layer
or in the separated shear layer, reattachment,etc.

The unsteady process

introduces further complications that defy complete analysis.
The present investigation is concerned primarily with the nature of

Figure 1 shows the water tunnel and the associated equipment used in
the current studies.

The tunnel is a closed loop facility consisting of an

11 x 2 x 18 inch test section with cylindrical (12-inch diameter) open top

flow separation occurring on airfoils oscillating in a uniform flow field

inlet and exit settling chambers.

at low Reynolds numbers.

a three-inch diameter perforated stand-pipe, which has a "Scott Foam" sleeve

The object of the study is to gain insight into

The flow enters the inlet chamber through

the understanding of these complex flows by continuous direct observation in

to break up the water jets emerging radially from it.

a water tunnel using suitable flow visualization.

through the tunnel by a standard centrifugal pump with a valve to control

From photographic records

of such observations many important conclusions about the flow field can be
deduced.

Observations are made of the effects on the flow field due to

the rate of flow.

The water is forced

The pump and its motor are supported independently of the

tunnel and are connected to it through flexible Tygon tubing in order to

changes in the system parameters such as mean flow velocity, U^, angle of

prevent vibrations from disturbing the flow field.

attack, a, mean angle of attack,aQ , amplitude of oscillation, 6, and fre

are made of transparent Plexiglas and the front wall is removable for easy

quency of oscillation, u>, as well as the point of support of the airfoil, x q .

access to the test section.

This investigation is part of a broader study of unsteady flows which
includes studies of boundary layer instability and transition in oscillating
1 2
flows. ’

It is also hoped that the visual data obtained in this study will

supplement the studies of unsteady airfoil stall reported in the literature.

The test section walls

The model is supported by two cylindrical rods rigidly connected to it,
mounted in Teflon seals and bearings with the back support rod extending
through the test section wall.

This support is connected to the driving

mechanism which oscillates the model.

This mechanism consists of a variable

radius circular cam and rocker assembly which is designed to produce

digital milling machine using a computer output profile description as input.

oscillations of the model that closely approximate a simple harmonic motion.

The computer was programmed to calculate 120 points from the equation of four

The relative position between the rocker and the support rod is adjustable

digit NACA airfoils as given by Abbot and von D o e n h o f f T h e airfoils were

to allow changes in the mean position of the model, and the radius of the cam

then polished to produce a smooth surface.

is adjustable to control the amplitude of oscillation.

The cam is driven by

a d.c. motor, powered by a Hewlett-Packard Harrison 6255A variable output d.c.

The techniques used in the hydrogen bubble visualization are basically
those reported by Schraub et a l . ^

The bubbles were generated along a .0015-

power supply, and the frequency of oscillation is measured using an electric

inch diameter platinum-10% rhodium-wire by applying a voltage potential,

counter.

which was supplied by a specially built d.c. voltage source and pulser,

The mechanism is found to operate satisfactorily over the range

from 0.1 to 5.0 Hz.

between the wire and a

The mean flow velocity in the tunnel is monitored by a total pressure

downstream electrode made of stainless steel screen.

The pulsed d.c. voltage generator can be made to interrupt the bubble sheet

probe which is mounted on the center line of the 1.5-inch diameter pipe con

at controlled intervals; the pulse lines thus obtained are actually time

necting the pump to the control valve and a .040-inch static port on the wall

lines that can yield mean velocity distributions through observation of

of the same pipe.
manometer.

The pressure difference is measured by an inverted U-tube

The flow meter was calibrated by timing the travel of hydrogen

bubbles over known distances (typically 8 in.) in the test section.

A Heath

Universal Digital Instrument was used as a period timer with an accuracy of
approximately 1%; an average of ten trails was used.

their distortions.

The pulser consists of an astable multivibrator triggering

a monostable multivibrator which triggers the high voltage output stage, a
low voltage power supply and a high voltage power supply.

The specifications

of the pulsed d.c. voltage generator are:

Photographic records
Pulse width

Minimum
.20 sec.

Maximum
30 sec.

Repetition rate

.075 Hz

200 Hz

of hydrogen bubble time lines of a known frequency were also used to determine
the mean velocity in the central portion of the test section.

The data using
Output voltage

0

500 Volt RMS

both methods were found to be in agreement yielding an accuracy of approxi
The bubbles are made visible by illuminating the test section from the rear

mately 5% in the mean velocity.
The models investigated were airfoils of two types.

The major portion

of the studies entailed the use of four NACA 0009 airfoils of 3-inch chord
length, each being supported at a different position along the chord.

In

the remaining part of the investigations a NACA 0015 airfoil was used.

It

had a 3 inch chord and was equipped with a 1-inch long trailing edge flap.
A silicon rubber seal was used in the gap between the airfoil parts to pre
vent a pressure leak from top to bottom as the flap was oscillated.

Figure

2 gives a schematic representation of the airfoils described above and a
definition of the parameters used.

The support point locations and their

identification numbers for the NACA 0009 airfoils are also indicated in the

with photo lamps on each side and from above.

(See Figure 1.)

The hydrogen bubble visualization technique can be used to provide
reasonably accurate mean velocity data.

The mean local velocity can be

measured to within 5% accuracy by determining the pulse frequency with an
oscilloscope and frequency counter and measuring the distance between pulse
lines on a photograph of the flow field.

Using this technique, the axial

velocity profiles across the test section can be determined simultaneously
at locations along the x direction with a minimum spacing between profiles
of 15% of the airfoil chord length.

It was also found that the point of

separation on the airfoil could be located quite accurately from the photo
graphs .

figure.
Since a conducting material placed between the electrodes used to
generate hydrogen bubbles also tends to generate bubbles of its own, the
airfoils were manufactured from a nonconducting material.

Opaque black

Plexiglas was found to be the most suitable working material since the

Dye injection was used to corroborate results obtained using the hydrogen
bubble technique.

Food coloring, diluted with water, was injected into the

boundary layer of the airfoil with a hypodermic syringe to locate the
separation point on the surface of the airfoil.

Another flow visualization

absence of light transmission and reflection enhances the definition of the

technique, described by Macagno,^ is the novel idea of adding small amounts

models in photographs.

of "Lustre Creme" hair shampoo to the water.

The NACA 0009 airfoils were machined on a programmable

With this solution eddies and

other three-dimensional flow patterns, which cannot be seen with hydrogen

---------- x„

bubbles due to the dispersion of the bubbles in turbulent regions, are
clearly visible as regions of varying light intensity (e.g. see Fig. 7).

/-X„/C *.03

The use of multiple visualization techniques which combine the characteristics

X0/C*.25l*-

of two separate techniques and enhance their performance is a heretofore

NACA 0009

«----- X0/C*.5— »
*-----------X0/C*.7 —

«•

Support

Point*

unexploited.very powerful tool in the hands of an experimentalist.

For

example, "Lustre Creme" in combination with hydrogen bubbles proved useful
in determining details of the flow structure, in particular three-dimensional

NACA 0009

effects.

Similarly two hydrogen bubble wires located at different spanwise

locations and operated simultaneously allow the simultaneous observation
of the flow field in two different planes.

Oscillating

Airfoil

Comparison of the flow fields in

the two planes yields information regarding three-dimensional effects,
especially in the unsteady state.
Effective use of the hydrogen bubble technique requires a low free-stream
turbulence level in the test section so that the bubble sheet leaving the
wire is relatively undisturbed.

Oscillating
Figure 2.

Flap Airfoil

Schematic Representation of Airfoil Model Configurations.

Based on the investigation of Loehrke and

Na g i b ^ concerning the management of turbulence, an arrangement of screens
was developed which greatly improved the flow field in the test section.

It

Figure 4.

NACA 0009 Airfoil in a Steady Flow, Re = 6500, Near Zero Angle of
Attack.

in the test section was obtained by placing the hydrogen bubble wire at 1/4inch intervals across the test section and photographing the resulting bubble
patterns.
The careful documentation of the two-dimensionality of the flow and the
degree of side wall interference during both the steady and oscillating airfoil
modes of operation is needed in a study of this type.

This is particularly

needed here due to the small aspect ratio of the airfoils used.

Multiple and

differently oriented hydrogen bubble wires, dye introduced into the tunnel
side wall boundary layer, and "Lustre Creme" were utilized in this preliminary
study.
Figure 3.

Screen Assembly for Control of Turbulence Level.

The observations indicate when the flow is attached to the airfoil, it

displays acceptable two-dimensionality over the central 75% of the test sec
tion.

In the side wall boundary layer, intermittency of turbulence was observed

consists of three screens placed one inch apart upstream from the inlet of

and, under large airfoil angles of attack, horse-shoe vortices are found to be

the test section and a screen over the exit, with the screens placed under

present around the airfoil leading edge.

tension.

that a small degree of three-dimensionality (particularly cross flows) is pre

The tension eliminates vibrations of the screens that tend to

generate flow disturbances.

sent especially under the conditions where separation of the flow over the air

The tension also prevents kinks and waviness

of the screens, that would result in deflections of the flow.
the assembled support with the screens in place.

Figure 3 shows

This arrangement yielded a

turbulence intensity of approximately 0.1% in the test section over the range

foil exists.

flows including full scale and large aspect ratio model experiments.

An

be seen in the leading edge vortex shown in the bottom photograph of Fig. 7,

As stated earlier, the bubble sheet is illuminated from the rear by
three high intensity photo lamps, one on each side and one from the top.

A

where the vortex uniformly spans the width of the test section.
A series of checks were performed using cylinders ranging in diameter

Nikon 35 mm SLR camera with a bellows attachment and 105 mm lens was used with
TRI-X black and white film which was pushed to ASA 1200 by developing it in
Overexposure of film and prints and the use of high contrast film,

The unsteady mode of operation can be studied most effectively by slow
19

The camera used for this purpose was a Beaulieu

4008 ZM Super 8 with a zoom lens.

from 0.063 inches to 0.3 inches and their shedding frequency was measured
over the range of Reynolds numbers from 50 to 600.

The results are found to

be in good agreement with the data reported in the literature.

paper and chemicals are recommended.

motion movies of the flow.

In our opinion this does not influence the validity of the results

since a certain degree of three-dimensionality is always present in all unsteady

example of the two-dimensionality of the unsteady flow in the present study can

of operating velocities.

Acufine.

It should be kept in mind, however,

TRI-X Reversal black and white film gave

the best results; the film was exposed at 70 frames per second with sufficient

Although this

is not a conclusive test since the airfoil at large angles of attack repre
sents a larger blockage in the test section,these results are considered
encouraging in reference to the tunnel as well as the visualization technique
performance.

overexposure.
RESULTS AND DISCUSSION
Prior to the main portion of the investigation, preliminary studies were
conducted to evaluate the performance of the water tunnel, i.e. ,the mean
velocity profiles in the horizontal and vertical planes and the extent of
the two-dimensionality displayed by the tunnel.

The vertical plane mean velo

A.

Oscillating Airfoils.
In this phase of the study, the NACA 0009 airfoil was utilized with the

point of support (x q) located near the leading edge or at the quarter, half

city profiles are easily observable because the hydrogen bubble wire is aligned

or three-quarter chord point, i.e., x q /c = 0.03, 0.25, 0.50 and 0.75.

vertically.

airfoils were oscillated with amplitudes from 6 = 4° to 6 = 20° with the mean

The center-line vertical plane mean velocity profile can be seen

in Figure 4; the airfoil supported at x q /c = .5 is mounted in the test section

angle of attack ranging from <
xq = 0° to aQ = 14°.

at zero angle of attack.

ranged from id = 0.1 Hz to m = 2.5 Hz.

The mean velocity at different transverse locations

The

The oscillating frequency

The flow velocity in the test section

prevents its attachment to the leading edge.

From Fig. 5 it is easy to see

that the initiation of collapse is enhanced when the point of support is dis
placed toward the trailing edge.

This is apparent from the shift of the

boundary of collapsed flow for x q /c = .75, x q /c = .50, and x q /c = .25; the
boundary for x q /c = 0.03 falls outside of the figure.

Figure 6 shows typical

flow patterns in each of the three separated flow regimes for the airfoil
supported at x q /c = 0.5.

The structure of the flow within the separated

regions is made visible with the aid of "Lustre Creme" in Fig. 7.
It should be pointed out here that flow visualization using hydrogen
bubbles must be evaluated carefully to avoid drawing misleading conclusions,
as is the case with most other visualization techniques.

The top photograph

of Fig. 6 demonstrates one pitfall encountered in the present work.

The

migration of hydrogen bubbles away from the surface of the airfoil near the
stagnation point results in the lack of bubbles in the boundary layer region
Figure 5.

Regimes of Separation of Oscillating Airfoils in the Amplitude vs.
Frequency Plane.

*

on the high pressure side of the airfoil for low values of to .

This migration

of bubbles is caused by the high pressure gradient due to the sharply curved
was varied from U

= 0.15 ft/sec to

= 0.60 ft/sec representing a range of
streamlines at the stagnation point.

Reynolds numbers from Re = 3400 to Re = 13500.

Steady state observations
in the work of Hasinger.

were also made from a = 0°to a = 30°.

20 21
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Similar phenomena are investigated

The use of multiple visualization techniques

The angle of stall, acr> for the
in the present study resulted in the clarification of this anomalous phenomenon.

stationary airfoil was found to be approximately 8°.
(Dye introduced upstream of the airfoil indicated no separation on the lower
As mentioned earlier, the study is primarily concerned with the onset
side of the airfoil shown in the photograph of Fig. 6.)
of leading edge separation, i.e., with the question of whether,and at which
The similarity of the response of the airfoil to oscillations using
point in the cycle,the flow separates from the surface of the airfoil at the
different positions of the support point, apparent from Fig. 5, can also be
leading edge for various operating conditions.
The separation behavior of the airfoil for oscillations about aQ = 0°
*

with different amplitudes, 8, and dimensionless frequencies, id , is shown
in Fig. 5.

There are four sets of curves, one for each location of the point

of support, x q /c .

For each go* there is a value of the amplitude, 8, below

which leading edge separation cannot be detected (i.e., the critical amplitude,
8 .)
cr

The curves denoted by 8
in Fig. 5 represent the best fit to these
cr

values.

The curves for each of the support point locations follow the same

general trend and they all seem to belong to one family, except the one for
x /c = 0.03.
o

It can be seen that 8
decreases when the point of support is
cr

shifted toward the trailing edge, i.e., when the average velocity of the
leading edge due to the oscillating motion of the airfoil increases.

Also,

for each value of x /c the critical amplitude, 8 , has a maximum value which
o
cr
*
occurs in all instances near u ” 0.5.
Two basic forms of leading edge separation have been observed.

At low

*
values of go the separation resembles leading edge separation on stationary
airfoils with the flow remaining detached from the surface.

When the fre-

*
quency of oscillation is larger than a certain value, “cr» a strong vortex
(roller) is formed at the leading edge with the flow reattaching downstream
of it.

In this regime the flow field is quite complex with the size, strength

and trajectory of the rollers changing drastically with frequency and ampli
tude of oscillation.

At times this results in the coexistence of several

vortices along the surface of the airfoil.

However, the boundary between

*
reattached and nonreattached flows, “c r > is seen to be practically independent
of x q /c and 6.
al.

12

The leading edge roller has been observed by Ham^ and Werle, et

and some of its characteristics are reported in their investigations.

In addition to the fLov teg,ias.e without separation and the two regimes
with leading edge separation a fourth flow regime was observed which makes
its appearance at very large dimensionless frequencies and amplitudes.

In

this regime, called breakdown, the flow around the airfoil has collapsed;
this occurs when the rate of vortex shedding is large compared to the flow
rate, i.e.,when the size and strength of the vortices shed from the leading
and trailing edge is large.

The combination of large disturbances and long

residence time disturbs the flow greatly, even upstream of the airfoil, and

Figure 6.

Hydrogen Bubble Visualization of Unsteady Separation Regimes
(x^/c = 0.5).

Figure 9.

22

Similarity of Separation Characteristics for Two Different Locations
of Support Point (Re = 8100, u* = 0.92, 6 = 20°).

20
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Figure 8.

Critical Angle of Attack vs. Frequency for Different Locations of
Support Point.

seen from Fig. 8 which shows the dependence of a
8 = 20°.

on w

*

for

o
= 0 and

For the sake of clarity, it should be pointed out that one must

Figure 10.

Dependence of Critical Angle of Attack on Frequency and Maximum
Angle of Attack.

distinguish between the amplitude of oscillation, 6, which is the ordinate in
Fig. 5 and the instantaneous geometric angle of attack at which separation
is first observed, a

.

The degree of uncertainty associated with the experi

mental points denoted in the figure by bars reflects the difficulty one
encounters in obtaining quantitative data from flow visualization studies of
such complex phenomena as separation.

The relatively small effect of the

Figure 10 is a summary of observations made with the airfoil oscillating
around its mid-chord point (x q /c = 0.5).

The curves in this figure present

the angle of separation, acr> as a function of the nondimensional frequency,
*
w , with the maximum angle of attack, a
, appearing as a parameter. Each
of the curves is composed of points obtained with <*max as a parameter for

position of the point of support on separation can also be seen in Fig. 9,

different combinations of a and 8 such that a + 8 = a
= const.
o
o
max

which shows flow patterns for an airfoil supported at x q /c = 0.25 and x q /c =

parison of the values of acr along the curves with the corresponding value

0.5 at the same flow conditions (i.e., Re, co , dQ and 6).

of the parameter amax shows that separation occurs at angles equal to or

The appearance of

Com-

the roller is almost identical, except that for x q /c = 0.5 the roller is

slightly smaller than amax (i.e., in the vicinity of the end of the upstroke).

larger due to the higher average velocity of the airfoil leading edge which

The difference between a

is a consequence of the larger distance between the leading edge and the
pivot point.

cr

and a
does not exceed 1 or 2 degrees.
max
&

In steady and very slowly changing (quasi-steady) flows, leading edge
separation is primarily determined by the angle of attack.

In unsteady flows,

on the other hand, this phenomenon is influenced also by the rate of change of
the angle of attack.

This is readily apparent from Figs. 5, 8 and 10 which

show for the stationary airfoil an angle of leading edge stall of eight degrees,
acr = 8°, over the Reynolds number range covered by the present tests and reveal
*
a relatively rapid increase in acr at extremely small values of u .

For the

oscillating airfoil investigated in this study the leading edge separation may
occur at the maximum angle of attack or slightly before or after the airfoil
reaches this position (i.e., a

cr

= a

o

+ 6 ± Aa, where a is the mean angle of
o

attack and Aa is of the order of one degree).
-

by Werle, et al.

2

initiated d a/dt

12

2

This finding has been alluded to

In the portion of the cycle where separation is just
is near its maximum value.

For all the results presented,

the flow is observed to separate at angles of attack (acr) that exceed the angle
of stall of the stationary airfoil.

The results did not, however, correlate

when plotted using an effective angle of attack at the point of the cycle where
separation was first observed.

(Here the effective angle of attack is defined

as the angle between the chord of the airfoil and the instantaneous velocity
vector, the latter being the vectorial sum of the steady flow velocity and the
negative of the fluctuating relative velocity of the leading edge.)
B.

Oscillating Flap Airfoil.
In this part of the investigation, the NACA 0015 airfoil with a 33%

oscillating flap was studied.

The range of parameters covered was the same

as that for the oscillating airfoils except that the mean angle of the flap
was always equal to zero.

The airfoil was fixed at a small angle of attack

of approximately 3° for all tests.
Three flow regimes were observed here with the separation characteristics
being strongly frequency dependent:
(1)

a quasi-steady regime in which the observed flow pattern has an
appearance similar to the flow around an airfoil with stationary
flap at the same flap angle.

This regime occurred at low frequency

of oscillations and can be seen in the bottom photograph of Fig. 11a.
(2)

a flow regime in which the flow remains attached during the major
portion of the cycle, with the flow separating near the extreme
ends of the cycle.

This regime was observed at intermediate fre

quency of oscillations and is shown in the top photograph of Fig. lib.
(3)

a flow regime during which the flow is essentially attached at all
times.

This strong effect of the dynamics of the motion materialized

at high frequency of oscillations (See bottom photograph in Fig. lib).
It can be seen from Fig. 12 that the Reynolds number, on the other hand,
did not have any noticeable effect on the separation characteristics over
the range of Reynolds numbers covered.

The three flow patterns in this figure

were obtained at the same frequency and amplitude of oscillation but at
different Reynolds numbers.

It should be pointed out here that the coexist

ence of the vortices shed from the airfoil due to its oscillation and the
ones generated from the instability of the wake of the airfoil (secondary
vortices) was observed at different flow conditions.
observed in Figs. 6, 9, 11 and 12.

This phenomenon can be

In Fig. 12 it can be seen that the vortices

hed by the trailing edge are convected during one cycle a greater distance
ownstream as the Reynolds number is increased.

It is also apparent that

te small secondary vortices that are superimposed on the large vortices
come larger and stronger as the Reynolds number is increased.

CONCLUSIONS

(1)

Two basic forms of leading edge separation have been observed.

At

values of reduced frequency (w* <0.5) the separation resembles leading
separation on stationary airfoils with the separated flow remaining
:hed from the upper surface.

*
At higher values, beyond mcr> a strong

Figure 11.

Effect of Frequency on Separation over Oscillating Flap Airfoil
(Re = 8100, B = 20°, a - 20°).

Figure 13.

(7)

Re = 13500

Hydrogen Bubble Visualization of Initiation of Separation over
Oscillating Airfoil (x q /c = 0.5, Re = 8100, 6 = 20°, m* = 2.1).
Since

seems to be always very nearly equal to aQ + 8 for various

combinations of a^ and 8, the 8cr representing the boundary between separated
Figure 12.

Effect of Reynolds Number on Separation over Oscillating Flap
Airfoil (6 = 20°, to = 2.5 Hz, a = 20°).

and unseparated flow conditions can be determined for any value of a and x /c
o
o
from the Bcr curves given in Fig. 5 for aQ = 0.

vortex (roller) is formed at the leading edge with the flow reattaching
downstream from it.

In addition to these two flow regimes a third regime

a

The value of 8cr for a given

is equal to the difference between the 6
at a = 0 and the specified value
o
cr
o

of a .

o

In the case of NACA 0015 airfoil with a 33% oscillating flap, three flow

made its appearance at extremely high values of frequency and amplitude

regimes are observed:

(1) a quasi-steady regime in which the observed flow

where the flow around the airfoil has collapsed.
pattern has an appearance similar to the flow around an airfoil with station
(2)

The flow is observed to separate at angles of attack (a

) that
ary flap at the same flap angle, (2) a flow regime in which the flow remains

exceed the angle of stall of the stationary airfoil.
(3)

The difference between acr and the stall angle of the stationary

attached during the major portion of the cycle, and (3) a flow regime during
which the flow is essentially attached at all times (in contrast to stationary

airfoil is practically negligible at slow oscillations, increases rapidly
*
with frequency up to a certain limit (u = 0.2) and remains unaffected by

flow); see Fig. 11.
Presently the same techniques utilized here are being used to study the

further increases in frequency.

This limit is probably similar to the

"saturation point" referred to by Ericsson,et al.

13

separation of the same NACA 0009 airfoils and similar NACA 0012 airfoils at
Under certain conditions
*
lower values of oo than the ones reported.

The effect of fluctuations in free

the difference between a r and the stationary stall angle can assume substan
stream velocity on leading edge separation of stationary airfoils at different
tial values, e.g., 15-25 degrees.
angles of attack is also being investigated.
(4)

Leading edge separation may occur at the maximum angle of attack

or slightly before or after the airfoil reaches this position (i.e. acr =
a

ACKNOWLEDGEMENTS

+ g + Aa, where aQ is the mean angle of attack and Aa is of the order of
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This finding has been alluded to by Werle,et al.
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2

portion of the cycle where the separation is just initiated d a/dt
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2
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is near

its maximum value.
(5)

The roller appearing at high frequencies seems to be initiated by

a leading edge bubble (see Figure 13).

c

Airfoil chord length

Re

cU»
Reynolds Number = — —

The roller subsequently detaches and

is convected downstream along the surface of the airfoil.
(6)

Um

Average, time-mean velocity of freestream

x

Distance from airfoil leadingedge
which the airfoil is oscillated

a

Airfoil angle of attack with respect to free stream direction

The position of the axis of rotation spears to have a marked

influence on the separation characteristics when the axis is at or near the
leading edge; this influence diminishes as the axis is moved rearward.

to

the support point around

aQ

Mean Angle of attack of oscillating airfoil

a
max

Maximum absolute value of angle of attack = a

a£r

Critical angle of attack; angle at which leading edge separation
is first observed

ments that you had undertaken was motivated by some earlier work that you had

g

Amplitude of oscillation of the airfoil measured in degrees

done on fish propulsion.

g

Critical amplitude; amplitude of oscillation of the airfoil at
which leading edge separation is first observed

edge of oscillating air foils provide new insights into this problem?

°

DISCUSSION

o

+ g
J. HANSEN (Naval Research Laboratory):

v

Kinematic viscosity of working fluid

a)

Frequency of oscillation, cycles/sec

*

id

*

(Dcr

FEJER:

You said that the second set of experi

Do your observations of the flow near the trailing

Actually, as far as the fish propulsion is concerned we are looking at

a simple geometry, namely the porpoise, trying to see if we could find any

0)C

Non-dimensional frequency = —

*

information that would lead us to prove or disprove the story about the

*

Critical value of m ; value of m separating the flow regimes with
and without reattachment of leading edge separation

porpoise and his magic qualities of controlling the boundary layer.

So we

looked first of all at whether the flapping motion was going to be efficient
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